Abstract. Among the activities of the European Metrology Research Programme (EMRP) project HiTeMS one work package is devoted to the development and testing of industrial solutions for long-standing temperature measurement problems at the highest temperatures. LNE-Cnam, NPL, TUBITAK-UME have worked on the design of high temperature fixed points (HTFP) suitable for in-situ temperature monitoring to be implemented in the facilities of CEA (Commissariat à l'énergie atomique et aux énergies alternatives). Several high temperature fixed point cells were constructed in these three national metrology institutes (NMIs) using a rugged version of cells based on the hybrid design of the laboratory HTFP developed and continuously improved at LNE-Cnam during the last years. The fixed points of interest were Co-C, Ru-C and Re-C corresponding to melting temperatures of 1324 °C, 1953 °C and 2474 °C respectively. The cells were characterised at the NMIs after their construction. Having proved robust enough, they were transported to CEA and tested in an induction furnace and cycled from room temperature to temperatures much above the melting temperatures (> +400 °C) with extremely high heating and cooling rates (up to 10 000 K/h). All the cells withstood the tests and the melting plateaus could be observed in all cases.
Introduction
In the framework of the EMRP joint research project (JRP) HiTeMS "High Temperature Metrology for Industrial Applications" several measurement problems in industrial contexts and at high temperature are being tackled [1, 2] . The project is organised in five technical work packages and among these one work package, the fourth, is devoted to the implementation and testing of self-validation techniques for non-contact thermometry up to 2500 °C with a particular emphasis on the use of these techniques for the correction of window transmission changes while measuring temperature by radiation thermometry.
One of the difficulties at the highest temperatures is to monitor temperature in harsh conditions and through windows using radiation thermometers: transmission through windows is often unknown and may evolve as evaporated material is deposited during use of the furnace, especially at the highest temperatures. This is why an in-situ temperature reference can be of great help to many industrial processes [3] .
Corrections for varying window transmission are considered using specifically developed high-temperature fixed points in an induction furnace to serve as selfvalidating references [4] . The induction furnace used is part of the facilities of the Severe Accident Mastery Laboratory (LMA) of the CEA (Commissariat à l'énergie atomique et aux énergies alternatives). The furnace works under vacuum or inert gas and the temperature measurements can be achieved either by radiation thermometry through a window or by thermocouples.
Three European NMIs have joined their efforts to develop rugged cells for use in this furnace to allow radiation thermometry measurements through a window, the cells designed to work in the larger temperature gradients and heating/cooling rates used compared to the gradients and heating/cooling rates usually encountered in a metrology laboratory.
The cells were first characterised in the NMI after their construction. Having proved robust enough, they were transported to CEA where they were tested together with additional HTFP cells developed by CEA. The induction furnace was cycled from room temperature to temperatures much above the melting temperatures (as much as 400 °C above) with extremely high heating and cooling rates (up to 10 000 K/h). This paper will summarise the design of the cells and their key features, the filling technique and some of the results of the tests performed in the NMIs and in the facilities of CEA.
Design and filling of the Cells
This work started with the construction of rugged small-size high-temperature fixed points to serve as insitu calibration devices in inert atmospheres but which would also be stable and robust, even in harsh environments. The cells, constructed in graphite, were designed to fit in the CEA/LMA furnace.
The design of the cells, based on the LNE-Cnam hybrid cell design [5] , was adapted to the use in large temperature gradients. The crucible walls were made thicker that in the usual design in order to improve the robustness whereas the length of the cells was reduced so that the likely large temperature distribution effect would be minimized. The outer dimensions are 24 mm in length and 24 mm in diameter. The cavity dimensions are 5 mm in diameter and 15 mm in length which gives a calculated total emissivity of 0.996. The emissivity can be increased to 0.999 by adding a diaphragm of 3 mm diameter at the entrance of the cavity.. Fig. 1 shows a schematic view of the cell. The cells were filled using the piston method developed by LNE-Cnam [5, 6] . This filling technique developed during the last five years and applied to all the recent pyrometric reference cells of the LNE-Cnam from the Ag point to the Re-C point, was developed to cope with three requirements:
1-reduce the risk of contamination by the heating element and the insulation materials 2-allow a fast filling (in one or two steps) 3-ensure a repeatable finalization of the cell after filling. To achieve these requirements, the filling is performed using a piston which isolates the metal and graphite powder mixture from the potentially polluting furnace elements and insulation and ensures a close-to 100 % filling rate.
This technique was used successfully in the three NMIs (NPL, UME and LNE-Cnam) to fill the HiTeMS high temperature fixed point cells. While LNE-Cnam and TUBITAK-UME used Vega/VNIIOFI type of hightemperature furnace (HTBB-3200PG and HTBB-3500PG respectively) for the filling, NPL used a Chino IR-80 furnace with some modifications to allow LNE-Cnam design crucibles to be filled: some of the insulation was removed, an extended work tube was used and the furnace end piece was adapted ( fig. 2) . At the end of the filling process the cells were run for several melt/freeze cycles by the NMI to assess the metrological characteristics of the plateaus. In most cases, the repeatability of the melting temperatures and the melting ranges were considered larger than obtained with the conventional design of cells. This is however understandable due to the small dimensions of the cells, the small amount of metal used and the lower purity level of the metals used for the filling of the cells. However for industrial applications the performance was more than adequate.
Characterisation of the Re-C cells developed at NPL
Two rhenium-carbon cells, HRe#1 and HRe#2, made with 5N rhenium were constructed, each with two fill cycles. Each cell uses 30.1 g of rhenium powder and 0.1 g of graphite powder. Rhenium was from MV Labs, 99.999 % claimed purity and assayed at ~20 ppm total impurities by glow-discharge mass spectrometer. Graphite powder was 99.9999 % nominal purity and was supplied by Alfa Aesar. Figure 3 shows the last step of the construction of HRe#2 during which removal of the extension/piston with a diamond cut-off wheel was performed. Temperature measurement was performed with an IKE LP3 radiation thermometer, which can be used with a 650 nm interference filter with a bandwidth of 25 nm, or a 900 nm interference filter with a bandwidth of 10 nm. The LP3 has a nominal 1 mm target size. Size of source standard uncertainty for the 5 mm aperture of these cells is estimated to be less than 80 mK at 2500 °C.
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Normally ramping for this type of cells would be of the order of 20 °C/min increase and 15 °C/min decrease. These cells were intended to be more robust. So following an initial increase to ~800 °C in approximately 20 minutes under manual control, the furnace controller was set to ramp up at 50 °C/min and down at 70 °C/min. A further test of robustness was made by shutting power to the furnace at about 2000 °C; cooling to close to room temperature in about 20 min.
Conventionally Re-C cells would be prevented from overheating above the melting temperature: deep undercooling is usually observed in that case. In this case one cell was taken up to 2540 °C to test. Figure 5 shows a series of melts made with the same furnace offsets. A third order polynomial was fitted to the curve and the melting temperature taken to be the point of inflection in the fit. Repeatability of the melting temperature made under the same conditions over two days was better than.35 mK for a cell. One of the features of Re-C is that it usually shows deep undercools of up to 200-300 °C below the melting temperature if taken substantially (more than ~20 °C) above the melting temperature. This was observed for the Re-C cells constructed and studied at NPL. This phenomenon may cause breakage in the case of the conventional cells but is not likely to harm the rugged cells. This was effectively verified during the testing of the cells in this work.
4 Characterisation of the Ru-C cells developed at TUBITAK UME TUBITAK-UME has constructed five Ru-C cells from 99.9 % nominal purity ruthenium powder and 99.9999 % nominal purity graphite powder. Both materials were supplied by Alfa Aesar. Filling of each of the cells was performed in a single step with the piston filling method developed by LNE-Cnam. Table 1 summarises the masses of the ingots composing the cells. There is only a few grams difference between the five cells. Table 1 shows in particular that the cells were all usable after their filling, even Ru-C-02 which showed a small crack on the external wall. Measurements of the eutectic cell plateaus were performed using a VNIIOFI-made radiation thermometer TSP-2 (Transfer Standard Pyrometer) with both 650 nm and 900 nm heads. TSP-2 is equipped with adjustable focus assembly from 400 mm to 1100 mm and minimum target size is 0.6 × 0.8 mm (elliptic field of view). The TSP-2 is calibrated in TUBITAK UME according to ITS-90 scale definition, using a copper fixed-point blackbody.
For melting plateaus, the part of the plateau where the first derivative of TSP-2 signal readings with respect to time was relatively stable and close to zero was identified as the actual melting plateau, and only data of this part was considered for calculation of average and standard deviation of plateau values.
Melting and freezing plateau durations were quite short, typically 1 to 3 minutes depending on the furnace temperature offsets ranging from 10 K to 50 K. The best plateau shapes were obtained with the largest temperature step (50 K). A typical melt and freeze transition is presented in Figure 7 . During the freeze deep undercooling was observed prior to nucleation and freezing, typically in the range of 5 to 10 °C. However for two cells (Ru-C-3 and Ru-C-5) larger undercooling values of around 35 °C were observed during some of the cycles.
Varying the thermal conditions of the furnace, namely the size of the temperature steps used to initiate melting or freezing from 10 K to 50 K, as explained above, or the heating/cooling rates (ranging from 5 K/min to 100 K/min) did not show a noticeable effect on the measured melting temperatures. . Typical melt and freeze plateaus for the TUBITAK UME Ru-C cells
The freezing temperature was about 20 mK higher than the melting temperature and showed less discrepancy between cells. This also means that in the frame of self-validation methods these cells can be used either at the melt or at the freeze.
Characterisation of the Co-C cell at LNE-Cnam
LNE-Cnam has developed three cells at the Co-C, Ru-C and Re-C points to help assess the differences between the realisations of Ru-C and Re-C at TUBITAK-UME and NPL respectively. Table 2 summarises the characteristics of the three cells. The Ru-C and Re-C cells developed during this project will be compared at a later stage. It is worth noticing that although the cells were of the same design, the Ru-C cell constructed at LNE-Cnam seem to be less completely filled than the Ru-C cells filled at TUBITAK UME (Table 1) . The focus was first put on the characterisation of the Co-C cell. The cell was cycled repeatedly around the melt and freeze plateaux for several days. The objective of these multiple melt and freeze cycles was to assess the robustness of the cell under particularly tough conditions: heating and cooling rates were set at the maximum levels achievable in the Chino IR-80 furnace used for the measurements, reaching about 60 °C/min and -50 °C/min respectively and the cell was overheated in the molten state by several hundreds of degrees.
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Figures 8 and 9 show the results of these tests and Figure 10 shows a typical melt-freeze cycle obtained with the Co-C cell. The main output of these preliminary tests was that the Co-C cell, as well as the other cells developed at NPL and TUBITAK UME, was considered to be successfully qualified for use in the facilities of CEA, where they have to withstand more difficult conditions with larger heating and cooling rates, larger temperature gradient and more substantial overheating.
6 Measurements at CEA 6.1. The CEA cells The Severe Accident Mastery Laboratory (LMA) is part of the Industrial Reactor Technologies Service (STRI) which depends on the Nuclear Technology Department (DTN) inside the French Atomic Energy Commission. LMA's mission is to improve the available knowledge on nuclear reactor severe accident phenomenology and to understand molten corium behaviour and interaction with reactor components. Corium is a lava-like complex melt compromising fuel, containment and structural materials from the reactor assembly. A severe accident will initiate if there is a failure to remove the fission products' decay heat away from the fuel elements due to malfunction or absence of the cooling system functionality, or loss of coolant.
Within LMA, VITI (VIscosity Temperature Installation) induction furnace was used to implement the cells developed in this project. VITI is the smallest scale facility in PLINIUS (PLINIUS is the only European experimental platform dedicated to the study of severe accidents using large masses of prototypic corium. It consists of 4 facilities: VULCANO, COLIMA, KROTOS and VITI). VITI was initially intended for aerodynamic gas levitation of small droplets of molten materials, but it is also commonly used for material interaction tests (<300grs), in order to gain insight on thermo-physical, -chemical properties of materials.
The VITI furnace can function under a medium vacuum or an inert gaseous atmosphere (argon, helium, nitrogen and other gas mixtures containing diluted reactive gases. It allows therefore the use of cells made in graphite crucibles.
The CEA cells were constructed using TM1 graphite from POCO, and the design sketch is given in Figure 11 . . Schematic view of the CEA cells. The cap can be removed between filling steps to allow pouring further powder to obtain larger filling rates. Table 3 summarises the characteristics of the materials used for the construction of the CEA cells. The filling technique differed significantly from the piston method developed at LNE-Cnam. The cells were mainly intended for vertical operation so the cap could be removed to allow further filling up to the moment where it sticks due to reaction with the eutectic ingot. Table 4 shows the final state of the cells. All the cells were constructed with a mixture of metal and carbon at hypoeutectic composition. Due to the filling method used at CEA, the filling rates were quite low. We can therefore expect that the cells will be significantly affected by the thermal environment during the phase changes. This has been confirmed during the measurement of the ITS-90 temperatures of these cells performed at LNE-Cnam [7] .
Results of the tests performed at CEA
Six of the ten cells developed in this work package were transported to CEA Cadarche (close to Marseille, France) and studied in the VITI induction furnace. The objective was to assess the robustness of the cells and their use for traceability transfer and correction of window transmission [4] . It is beyond the scope of this paper to go into all the details about these tests but it is important to review the major findings of the work performed in CEA.
The main output is that all the cells produced in the frame of this work and which have been implemented in the VITI furnace withstood, without damage, large heating and cooling ramps of up to 10000 K/h.
The cycling of the cells around the corresponding melting temperatures was performed. Figure 12 shows a typical pattern of cycling of Re-C cells. Moreover overheating could reach 400-500 °C and the plateaus were still exploitable.
Conclusion and future work
This work allowed a thorough and complete analysis of the capabilities of high-temperature fixed points to be adapted to an industrial use and yet be able to act as a means for traceability and temperature monitoring in harsh measuring conditions.
The HTFP cells developed in this project and constructed in three different NMIs with the same design of cells and the same filling method have been characterised to assess their reproducibility and their robustness before being transported and tested in the facilities of the CEA, at the Severe Accident Mastery Laboratory in Cadarache. These cells were operated under steep heating and cooling rates and large melting steps causing overheating of several hundreds of degrees. In all cases, the cells performed as hoped and proved robust and reliable.
The next steps of this work will be the comparison of one of the Ru-C cells of TUBITAK UME with that of LNE-Cnam and one of the Re-C cells of NPL with that of LNE-Cnam. This will be an additional check of the reproducibility of the cells.
